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ABSTRACT 
Hourly data (1994–2009) of surfaceozone concentrations at eightmonitoring sites have been investigated to
assesstargetlevelandlong–termobjectiveexceedancesandtheirtrends.TheEuropeanUnion(EU)ozonetarget
valueforhumanhealth(60ppb–maximumdaily8–hourrunningmean)hasbeenexceededforanumberofyears
foralmostallsitesbutneverexceededthesetlimitof25exceedancesinoneyear.Secondhighestannualhourly
and4thhighestannual8–hourlymeanozoneconcentrationshaveshownastatisticallysignificantnegativetrend
forin–landsitesofCork–Glashaboy,MonaghanandLoughNavarandnosignificanttrendfortheMaceHeadsite.
Peakafternoonozoneconcentrationsaveragedoverathreeyearperiodfrom2007to2009havebeenfoundto
be lowerthancorrespondingvaluesoverathree–yearperiodfrom1996to1998fortwosites:Cork–Glashaboy
and Lough Navar sites. The EU long–term objective value of AOT40 (Accumulated Ozone Exposure over a
thresholdof40ppb)forprotectionofvegetation(3ppm–hour,calculatedfromMaytoJuly)hasbeenexceeded,
onan individualyearbasis,fortwosites:MaceHeadandValentia.Thecritical levelfortheprotectionofforest
(10ppm–hourfromApriltoSeptember)hasnotbeenexceededforanysiteexceptatValentiaintheyear2003.
AOT40–Vegetation shows a significant negative trend for a 3–year running average at Cork–Glashaboy
(–0.13±0.02ppm–hour per year), at Lough Navar (–0.05±0.02ppm–hour per year) and at Monaghan
(–0.03±0.03ppm–hourperyear–notstatisticallysignificant)sites.Nostatisticallysignificant trendwasobserved
for the coastal siteofMace head.Overall,with the exceptionof theMaceHead andMonaghan sites, ozone
measurementrecordsatIrishsitesshowadownwardnegativetrendinpeakvaluesthataffecthumanhealthand
vegetation.
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1.Introduction

Troposphericozoneisknowntobeanimportantpollutantand
ithasbeenestablishedthatozonehassignificantimpactonhuman
health globally, and in the European Union 21400 premature
deaths each year are associated with ozone (EEA, 2007a). An
informative review chapter on the effects of ozone on human
health isgiven in theRoyal SocietyReport (Royal Society,2008),
someofwhoseconclusionsare:(i)healtheffectsofozoneincrease
with increasing concentrations, (ii) health impacts have been
observed at around ambient concentrations (a35ppb), (iii) the
existenceofa threshold concentration,below thatozonehasno
effectonhumans isnotyetdetermined.Despite the lackofclear
evidence of a threshold, nevertheless, the World Health
Organization(WHO),basedonepidemiologicaltime–seriesstudies
and on chamber and field studies, have set a new air quality
guideline and interim targetof50ppb (dailymaximum 8–hourly
mean),WHO (2006).TheambientairqualityandCleanerAir For
Europe (CAFE) Directive [2008/50/EC], (CEC, 2008) has been
adopted,and setsanozone targetconcentrationvalueof60ppb
nottobeexceededfortheprotectionofhumanhealth.

Troposphericozoneisalsoknowntoaffectforest,vegetation,
andmanyspeciesofcrops(Fuhrer,1994;Sandersetal.,1994;US
EPA, 1996; Schaub et al., 2005;Bassin et al., 2007;Hayes et al.,
2007;Mills et al., 2007). Experimental studies have shown that
besidesavisibleimpactongrowth,ozoneexposurealsoaffectsthe
reproductive capacity, biomass allocation, and biological aging
(senescence, i.e.achange inthebiologyofanorganismas itages
after itsmaturity) (DavisonandBarnes,1998;FuhrerandBooker,
2003;Bassinetal.,2007).Theseverityofozoneonvegetationand
forest depends on the concentration, duration of exposure, and
activity level(stomatalconductance)duringthetimeofexposure.
The stomatal conductance depends upon various climatic
parameters, e.g. temperature, humidity, vapor pressure deficit,
and availability of light as well as soil water potential and
phenology (Emberson et al., 2000; LRTAP, 2004; Pleijel et al.,
2007). Assessment and quantification of the impacts of ground–
levelozoneon terrestrial vegetation reliesprimarilyonempirical
exposure–response relationships between ozone concentration
and changes in crop yield, derivedmainly from chamber studies
(Royal Society, 2008). Hourly averaged data are analyzed in
differentwaysfortheassessmentoftheimpactofozoneexposure
on vegetation. In the US, as per 2008, standard concentration
basedparameterssuchasa3–yearaverageofthefourth–highest
dailymaximum8–houraverageozoneconcentrations (shouldnot
exceed75ppb)areusedforthispurpose(USEPA,2009)whereas
in Europe a target level approach is used. The UN Economic
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Commission for Europe (UNECE) Convention on Long–Range
TransboundaryAirPollution(CLRTAP)hassetoutanexposurelevel
forlong–terminjuryanddamagetovegetation(andhumanhealth)
(Fuhrer et al, 1997). The target level is referred to as AOT40
(AccumulatedexposureOveraThresholdof40ppb–moredetailis
given in Section3), whose target value for the protection of
vegetationisAOT409ppm–hour(CEC,2008).

As a result of legislation to reduce emissions of ozone
precursors, downward trends of high ozone concentrations have
been reported in various areas of Europe (Monks et al., 2003;
Solberg et al., 2005; Vautard et al., 2006) andmost recently in
Ireland (Tripathi et al., 2010) during the last two decades. The
negative trend inEurope isobservedmainly inhigherpercentiles
and in some cases the observed trend is steeper than expected
fromchanges inemission levels (Vautardetal.,2006). Inanother
model experiment to simulate the Europeanheatwaveof 2003,
Vautard et al. (2005) predicted that extreme ozone events
corresponding to health related ozone indiceswill be drastically
reducedasa resultof strict complianceofemission legislation in
Europe. Surface ozone levels in Europe and in Ireland are
controlledmainlyby two sources:photochemicalproductionand
lossprocessesdue to local variations inprecursoremissions and
ozone transported to Europe from outside that is strongly
influenced by broader global emissions, often referred to as
backgroundozone.Peakozoneconcentrationsaremainlyaffected
bylocalproductionandlossprocessesandarecontrolledmainlyby
local changes inprecursor emissionswhereasmid–levelozone is
determined by the ozone entering from outside the region and
stronglycontrolledbybroaderglobalemissions.

Exposure analysis for Ireland was first performed by
Kluizenaaretal.(2001)basedonthreeyearsofozonedata(1995
to 1997) just after systematic monitoring of ozone in Ireland
started in 1994. Since then, no integrated approach for ozone
exposureanalysisofozonedata in Irelandhasbeenmade. Inthis
paper,wedetermineforthefirsttime,basedonsome16yearsof
hourlyozonemonitoringdata(1994–2009)ifthenewtargetozone
valuesand long–termobjectivesforhumanhealthandprotection
of vegetation arebeingmet in Ireland. Furthermore,we analyze
ground level hourly ozone data at eight sites in Ireland to study
trends in ozone exposure levels in relation to humans and to
vegetation.Inaddition,weexaminechangesindiurnalvariationof
ozoneconcentration,overan11yeartimespan.

2.Data

AnozonemonitoringnetworkinIrelandhasbeenoperational
since 1994 (McGettigan, 1996) and is managed and quality
controlled by the Irish Environmental Protection Agency (EPA).
Table1showsthestationscoveredinthisnetwork.LoughNavaris
partof theUKautomaticurbanruralnetwork (AURN)monitoring
sites and is included in the analysis. Mace Head ozone
measurementsalsooperateaspartoftheUKAURN.Inadditionto
being a background site for the AURN network, it is a Global
AtmosphereWatch (GAW) global station since 1994. It also has
beenapartoftheEUROTRACTroposphericOzoneResearch(TOR)
network (1988 to 1995) and was integrated into the Irish EPA
network in 1994. Valentia Meteorological and Geophysical
Observatory isoperatedbyMetEireann, the IrishMeteorological
Service. Ozone concentrations at all stations are measured
continuouslybyUVphotometryandaveragedtoproduceadataset
of hourly values. These data have been utilized by several other
studies;inparticulartheMaceHeaddataareextensivelyanalyzed
forbackground levelozone (Scheeletal.,1997;Simmondsetal.,
2004;Carslaw, 2005;Oltmans et al.,2006;Derwentet al.,2007;
Tripathietal.,2010).

3.BackgroundandMethods

The methods used for analysis is in compliance with the
ambient air quality and CAFE Directive (2008/50/EC) for ozone
levels inambientair(CEC,2008) thathasbeenadopted intoIrish
law in 2011 by the Air Quality Standards Regulations 2011 (S.I.
Number180of2011,http://www.epa.ie).TheCEC(Commissionof
the European Communities) as well as WHO (World Health
Organization) directives defines the criteria, target values and
long–term objectives for the protection of human health and
vegetationanduseμg/m3astheunitofozoneconcentrationinthe
ambient air. However, much of the research community and
scientists working in the vegetation and human health areas,
report AOT in ppm–hour and hourly and 8–hourly mean
concentration inppb.Forozone, twoμg/m3 isequivalent toone
ppb (based on the environmental conditions where the
temperature is 20degrees Celsius and atmospheric pressure is
1013mb),usingstandardtextbookgaseousparameterdefinitions
andtheidealgaslawequation.Inthiswork,ppbisusedastheunit
for concentration and theunitofppm–hour isused forAOT.All
time stamps used in this study are Central European Time (CET)
unless stated otherwise. For protection of human health, the
target limit is based on amaximum daily 8–hour runningmean.
The runningmean iscalculated fromhourlydataand the8–hour
runningmeanattimetisthemeanofthehourlyvaluesattimet,
t–1,t–2,….,t–7hours.Soforexample,the8–hourrunningmeanat
01:00 is the average of hourly values from 17:00 hrs on the
previousdayto01:00houronthatday.Exposure indices focused
onhumanhealtharealsoprovidedby theUSEPA (UnitedStates
EnvironmentalProtectionAgency)andarebasedonhigherhourly
ozone concentration. They are annual second highest hourly–
averaged concentration and 4th highest dailymaximum 8–hourly
averageconcentration(USEPA,2006).Thesemetricsindicatingthe
effectofozoneonhumanhealtharealsocalculated in thiswork
andlong–termtrendestimatesareanalyzed.

Table1.Networkofozonemonitoringsites,abbreviations,theirco–ordinates,altitudeandabriefdescriptionofsitetype
Stations Abbreviation StationCategory Altitude,above
seaͲlevel(m)
Latitude(°) Longitude(°)
Dublin(Rathmines) DR Urban 25 53.32 Ͳ6.26
Dublin(PotteryRoad) DP SuburbofDublincity–lightindustrialsuburb 30 53.27 Ͳ6.15
CorkͲGlashaboy CG Nearcityrural(4kmnorthͲeastofCorkcity) 75 53.05 Ͳ8.69
Wexford WX Neartownrural 40 52.25 Ͳ7.14
Monaghan MN Remoteruralhillymoorland 170 54.19 Ͳ6.87
LoughNavar LN Remote ruralclearingnear edgeofsemiͲnaturalforest 130 54.44 Ͳ7.87
MaceHead MH Remote ruralexposed flat landonthe easternNorth
Atlanticcoast
5 53.33 Ͳ9.90
Valentia VA Regionalruralcoastal 14 51.94 Ͳ10.25






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Earlierstandardprotocolsprovideddifferentcritical levelsfor
injury and damage to crops, forest and semi–natural vegetation
(Karenlampi and Skarby, 1996;Werner and Spranger, 1996). The
approachisbasedonthehypothesisthatlongtermdamageresults
fromcumulativeexposureoveracertain limitduring thegrowing
season,andhasshowntobeappropriateforseveraleconomically
important vegetation species (Fuhrer et al., 1997). The limit is
derived from the European Open–top Chamber Program that
showed a correlation (r2=0.91) between crop yield decline and
cumulative exposure above an ozone concentration of 80μg/m3
(40ppb)(CLAG,1994;Fuhrer,1994;Fuhreretal.,1997).

For theprotectionofvegetation,AOT40actsas thebasis for
target values and long term objectives. Only daylight
measurementsbetween08:00hrsand20:00hrs(CET)areincluded
in theAOT40evaluationbecause thevegetation isphysiologically
activeandmostsusceptible todamageduringdaylight.Two time
periods,May to Julywhen thevegetation isassumed tobemost
sensitive to ozone (Werner and Spranger, 1996) and April to
Septemberforthepurposeofforestprotection,areconsideredfor
AOT40calculations.

TheCEC (2008)Directive requires90%ormoreofonehour
ozone concentration values over the time period defined for
calculating the AOT40 value, and for calculating the number of
exceedences. The calculated parameters, maximum daily eight
hourrunningaverageandAOT40,areannuallyscaledtothetotal
possiblenumberofhours tocompensate formissinghourlydata.
Theannualhourlydataisconsideredforanalysisifatleast80%of
thepossiblenumberofhoursispresentinthemeasureddata.The
calculationsmay be considered as reasonably reliable if 90% or
moreofmeasuredhoursarepresentinthedataset.Insomecases
forcompleteness,lessthan80%ofdatapresentarealsotakeninto
accountandthecasesarementionedandflaggedspecificallyifless
than80%ofmeasureddataareused in figures.Thepresenceof
less than 90% data in the scaling procedure does notmake the
resultautomaticallyunreliable, itonlymeansthattheresultsmay
be only indicative and quantitatively suspicious. The scaled or
estimatedvaluesarecalculatedasfollows,inaccordancewithCEC
(2008):

௘ܸ௦௧ ൌ ௖ܸ௔௟ ௣ܰ௢௦௦ܰ௠௘௔௦  (1)

whereVest istheestimatedannualvalueoftheparameterAOT40
and Vcal is the calculated annual value of AOT40 based on
measured hourly concentrations>40ppb summed over the
relevant vegetation or forest protection period.Nposs is the total
possiblenumberofhourlyvaluesinayearandNmeasisthenumber
of hours of measured data available in a year. For AOT40
(vegetation), Nposs is 1104hrs and for AOT40 (forest) Nposs is
2196hrsthatisbasedon12hoursperday(08:00hrsto20:00hrs)
fromMay to July and April to September respectively. For the
maximum8hour runningaverage fora typical365daysyear, the
value of Nposs is 8760 i.e. all 24hours per day are considered.
Severalmeteorological variables such as temperature, pressure,
wind speed, humidity, cloud cover etc. may impact ozone
concentration (Camalier et al., 2007) particularly at urban sites.
Variation in these parameters affects seasonal and inter–annual
variability in ozone concentration at a particular site. Several
methods are being used to adjust themeasured ozone value to
reduce the impact of meteorology (Thompson et al., 2001;
Camalier et al., 2007). Smoothingmethods such as calculating a
runningaverageofannualdataalsoreducestheeffectofyear–to–
yearvariationinmeteorologytosomeextent.Usingalongerdata
record makes it easier to reduce the inter–annual variation by
increasingthewindowoftherunningmean. Inthisstudy,weare
constrained by the limitation of the length of record and as a
compromisewe calculateda3–year runningaverage toestimate
the trend in ozone metrics. Three–year averages for two time
periods of about a decade apart are also used to examine a
decadalvariationinthediurnalcycleofozone.

4.Results

Hourly averaged ozone concentration data have been
analyzed for theperiodof1994–2009 foreightmonitoring sites.
Thelistofmonitoringsites,theirtype,andcoordinatesareshown
in Table1. The approximate geographical locationof each site is
indicatedinFigure1.


Figure1.MapofIrelandshowingtheapproximatelocationofobservational
sites.ThestationsaccordingtoTable1are:MH(MaceHead),VA(Valentia),
CG (Cork–Glashaboy),WX (Wexford),DP (Pottery Road),DR (Rathmines),
MN(Monaghan),LN(LoughNavar).Scaleisacloseapproximation.

4.1.Diurnalvariation

Dailyozoneconcentrationsshowalargespatialandtemporal
variationanddependon the site’s locationandaltitude.Figure2
shows themeandiurnalvariationsduring two timeperiods,1996
to1998and2007 to2009 for fourselectedsitesofLoughNavar,
Monaghan, Cork–Glashaboy, andMace Head. Time periods are
selected in such away that respective years are 11–years apart.
Thismakes it possible to assess decadal variation in the diurnal
cycle and also to account for anypossible impactof variation in
solar signal on ozone (Shindell et al., 1999). The solar cycle
represents a periodic change in solar irradiation experienced by
theEarthandhasaperiodofabout11years.Sotwotimeperiods
having about 11–years of separation may be considered as
experiencinga similarphaseof the solar cycleorabouta similar
amountofsolarirradiation.Three–yearaveragesarecalculatedfor
MaytoJuly (MJ–969798andMJ–070809)andApriltoSeptember
(AS–969798 and AS–070809). The determining factors of ozone
concentration at a particular site are its coupling with the well
mixed planetary boundary layer (Fowler et al., 1994; Zhang and
Rao, 1999) and local meteorological conditions. Averaging for
three year periods reduces the effect of inter–annual
meteorological variation on daily and seasonal average ozone
concentrations. At very high altitude sites like mountain tops
wherebackgroundair iswellmixedwith theplanetaryboundary
layer,ozone concentration virtually remains constantor shows a
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very small diurnal variation (Stull, 1989; Loibl et al., 1994). The
Monaghansite,aremotehillyareawithanaltitudeof170mmay
comeunderthiscategory,showingonlyasmalldiurnalvariationas
shown in Figure2.MaceHeadalso showsa very small variation.
MaceHead is a remote coastal station that is less influencedby
night–timeinversionsandonshorebreezes,thathelpstokeepair–
masses fairlywellmixed during night time, advecting ozone rich
marine airover the land (Entwistleet al.,1997). In remote rural
areas andplains and valleys,ozone levels show a large variation
withmaximumconcentrationduringearlyafternoon(Casadoetal.,
1994;PedersenandLefohn,1994;Sunwooetal.,1994;Millanet
al., 1996). Lough Navar shows a typical diurnal variation with
lowest concentration in themorning hours, gradually increasing
aftersunriseandreachinghighestvaluesduringearlyafternoon.At
Lough Navar that is a remote clearing site near a semi–mature
forest,theozonelossbydrydepositionduringnighttimeexceeds
thesupplyofozone fromabove leadingtoasharpdeclineduring
night time.Cork–Glashaboyalso showsa typicaldiurnalvariation
but lessstrongerthanLoughNavarprobablybecause it is located
atadown–windsite(north–east)ofalargecity,Cork.Asaresult,it
shows a characteristic urban diurnal variation with a minimum
during themorningpeak traffichoursdue toozonedepletionby
thereaction:NO+O3=NO2+O2(Coyleetal.,2002).

Changesinthediurnalvariationofozoneconcentrationduring
an 11year period (between 1996–98 and 2007–09) are clearly
shown in Figure2. The sites that are mostly influenced by
background troposphericozone show the least change indiurnal
variation in the 11year time period. Peak afternoon ozone
concentration values averaged over a three year period from
2007–09exceed the corresponding valuesaveragedovera three
yearperiod from1996–98byabout1.5–2ppbatMaceHead for
bothMaytoJulyandApriltoSeptemberdata.Ontheotherhand,
thesites likeLoughNavarandCork–Glashaboy,thatarerelatively
more influenced by local ozone production and loss processes
showadecreaseinafternoonozonelevelsoverthe11yearperiod
from1996–1998to2007–2009.FortheCork–Glashaboysite,May
to July averages have decreased by about 3ppb, and April to
September averages have decreased by about 5ppb. The Lough
Navarafternoonaveragedvalueshave reducedbyabout3.5ppb
forbothMay to July andApril to Septemberperiods. TheCork–
Glashaboysiteevenshowsadecreaseinozonelevelsovereachof
the24hours.Almostinallcases,theMaytoJuly(MJ)averagesare
higher than theApril toSeptember (AS)averages.Howeversome
exceptionsareobservedforthe1996–98periodfortheMonaghan
andCork–GlashaboysiteswhenASaverageswerehigherthanMJ
atsomepoints.Thismaybebecauseofsomemissingdataduring
thepeakperiodfromMaytoJulyforthesesitesduring1996–98.

4.2.Accumulatedozoneconcentration(AOT40)

Yearly accumulated ozone above a threshold of 40ppb in
Ireland varieswidely from one site to another and it also varies
from one year to another. For the purpose of analysis the eight
Irishozonemeasuringsitesareclassifiedintwogroups–onehaving
relatively high AOT40 values and the other having relatively low
AOT40values.The sites suchasMaceHead,Valentia,Monaghan
andWexfordareclassifiedashighAOT40 sitesandare shown in
Figure3.Figure4showstheotherfoursites:Dublin–PotteryRoad,
Dublin–Rathmines, Lough Navar, and Cork–Glashaboy where
normally, lower AOT40 values were observed. Figures3 and 4
showAOT–VegetationandAOT–Forestvalues inseparatecolumn
bars thatarecalculated fromMay to JulyandApril toSeptember
eachyearrespectively.Trianglesymbolsusingtherighthandside
axisshow thepercentageofnumberofhours themeasureddata
areavailableeachyear.Note that theAOT40valuesareadjusted
valuescalculatedaccordingtothemethoddiscussedinSection3.

Figure2.Diurnalvariationofozoneconcentrationsforfourmonitoringsites(a)LoughNavar(b)Monaghan(c)Cork–Glashaboy(d)MaceHead.Eachcurveis
athreeyearsaveragevaluebetweenMaytoJuly(MJͲ969798andMJͲ070809)andApriltoSeptember(AS–969798andASͲ070809)representingthe
variationduringthegrowingseason(mostvulnerableperiod)forVegetationandForestrespectively.Twotimeperiodsofthreeyears(1996,1997,1998
representedasforexampleMJ–969798and2007,2008,2009asforexampleMJͲ070809)witha11Ͳyearsseparationwereconsideredtoseeifthereare
changesoveran11yearperiod.Thex–axisrepresentshoursofthedayandthey–axisrepresentsozoneconcentrationinppb.
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
Figure3.AOT40forvegetation(AOT–Veg,representedbybluebars)andforforest(AOT–For,representedbyyellowbars)calculatedforeachyearfrom1994
to2009forozonemonitoringsites(a)MaceHead,(b)Valentia,(c)Monaghan,and(d)Wexford.Missingyearsindicatethatozonemonitoringhasnotbeen
startedatthesite.AOT–VegarecalculatedfromtheobservationsmadebetweenMayandJuly(MJ)andAOT–ForbetweenAprilandSeptember(AS).Hourly
concentrationsstartingfrom08:00hr(averageof08:00hrto09:00hr,wherehrstandsforhour)CET(CentralEuropeanTime)to20:00hrCET(total12
hours)areincluded.Scatteredtriangles(fortherighthandsidey–axis,blueforAOT–VegandredforAOT–For)showthepercentageofhourstheactual
observationsweremadeandareusedtoadjustAOT40formissingobservations.Thex–axisrepresentyears,y–axis(left)indicateAOT40inppm–hourandy–
axis(right)representspercentageoftotalpossiblehourswhenobservationsweremadeforrespectiveAOT40calculations.OnlyforValentia(b)theAOT–For
hasexceededthevalueof8ppm–hour(actualvalueis11.35andistruncatedinthefigure)during2003.

The Dublin–Rathmines site has shown the lowest values of
AOT40duringalloftheyearsandthemaximumAOT40–Vegetation
valuecloseto1ppm–hourisrecordedonlyfortheyear2006.The
Dublin–Pottery Road site that is a suburb of Dublin with an
observational record from 1995 to 2001 shows slightly higher
valuesthanRathmineswithamaximumvalueofslightly lessthan
2ppm–hourduring theyear2000 forAOT40–Vegetation.But this
valuemaynotbereliableasthepercentageofmeasuredhours is
below 80% as indicated in the figure. The maximum AOT40–
Vegetationvalue for LoughNavarwasobservedduring theyears
1995and1996atalevelofslightlylessthan2ppm–hourandsince
then, values have kept below 2ppm–hour levels. AOT40–Forest
levels for LoughNavarhavebeenaround2ppm–hourexcept for
1995 and 1996when they reached a level ofmore than about
3.5ppm–hour.

Thelong–termobjectivevalueforAOT40fortheprotectionof
vegetationhasbeen setat3ppm–hour,and the targetvalue for
vegetationprotectionhasbeensetat9ppm–hour,averagedover
fiveyearsCEC(2008).Exceedances>3ppm–hourforvegetationat
MaceHeadhaveoccurred for fiveyears (1996,1997,1999,2006
and2008)outofsixteenyearsofmeasurements.However,afive–
yearrunningaveragecalculationresultsinjustoneyear(2009)for
exceedances>3ppm–hour. For the vegetation target protection
limitof9ppm–hour,noexceedanceshavebeenobservedduring
16yearsofanalyzeddataatMaceHead calculated fromApril to
September. The next highestAOT40 value site isValentiawhere
ozonemeasurementsstartedin2001.Valentiaexceededthelong–
termobjectivevalueforvegetationprotectionforfouryears(2001,
2003,2006,2008,and2009)outofnineyearsofmeasurements.
The critical value for theprotectionof forestwasexceededonly
once–duringtheEuropeanheatwavesummerof2003–atValentia
(thevalue is12.12ppm–hourand is truncated in the figure).The
other two high value sites of Monaghan and Wexford never
exceededeither the target limitor long–termobjectivevalue for
vegetationprotection,basedonafiveyearrunningaverage.Onan
individual yearbasis,Monaghan sitewas close to the long–term
objectivevalueonly in2006 (about2.995ppm–hour)asshown in
Figure3. The low AOT40 values sites shown in Figure4 never
exceeded the target and long–term objective values (CEC, 2008)
during the entire period ofmeasurement.On an individual year
basis, the site of Cork–Glashaboywas closest to the vegetation
limit in 1995 (about 2.8ppm–hour) but the percentage of
measured data for this calculation is low–just around 70% as
indicated in Figure4 and therefore the resultmay not be very
reliable.

Four observational sites, Cork–Glashaboy,Monaghan,Mace
Head, and Lough Navar, having fifteen or more years of
measurement record are chosen to calculate trends in AOT40
values.Toreducetheimpactofinter–annualchangesinozone

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
Figure4.SameasFigure3butformonitoringsitesof(a)Dublin–PotteryRoad,(b)Dublin–Rathmines,(c)Cork–Glashaboy,and(d)LoughNavar.Notethat
observations inDublinstarted intheyear1994atPotteryRoadsite(asuburbofDublin)but in2002themonitoringoperationwasmovedtoanothersite
Rathmines,closertothecitycentre.ThesuburbsiteofDublin–PotteryRoadshows largerAOT40valuesthanthatofthecitysiteofDublin–Rathminesbut
someoftheresultsofDublin–PotteryRoadarebasedonlessthan80%ofobservations.Theresultsbasedonlessthan80%observationsareshadedinred.


Figure5.ThreeͲyearsrunningaveragesarecalculatedforAOT–VegandAOT–Forforfourmonitoringsitesand
thetrendresultsforAOT–Vegareshownhere.TrendvaluesforfourmonitoringsitesMaceHead(MH),
Monaghan(MN),CorkͲGlashaboy(CG),andLoughNavar(LN)showstheslopeandstandarderror
(onestandarddeviationeachside)oflinearlyregressedlineon3–yearrunningaveragevaluesin
ppmͲhourperyearintheequation.

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
concentrationdue to variation inmeteorology, a 3–year running
mean of AOT40–Vegetation is calculated and shown in Figure5.
AOT40–Foresthavesimilartrendsandarenotshowninthefigure.
Acalculated3–yearrunningaveragereducesinterannualvariability
butstillhasalargeexceptionalpeakataroundyear2006.Alinear
regression is performed on the 3–year running average. The
slopes–lines that represent the trend values are indicated in
Figure5 alongwith the linear equations. LoughNavar andCork–
Glashaboysitesshowastatisticallysignificantnegative trend.For
Cork–Glashaboy,thenegativetrendvaluehasbeenfoundtobe
–0.13±0.02ppm–hourperyearwhereasforLoughNavaritislower
at –0.05±0.02ppm–hour per year. The other two sites ofMace
Head and Monaghan indicate positive and negative trends
respectivelybut theyarenotstatisticallysignificant.These trends
have analogous characteristics similar to the diurnal changes in
ozone levelsandmightpossiblybeexplainedon thebasisof the
relative contribution of local, regional and free tropospheric
influencesonthehourlyrecord.

4.3.Hourlyand8–hourlymeansandexceedances

Toassesstheozoneexposuretopopulationfortheprotection
of human health, hourly and 8–hourly ozone concentrations are
analyzed.8–hoursrunningaveragesarecalculatedfromallhourly
dataavailable fortheeightozonemonitoringsites.USEPAbased
metrics focused on human health, second highest annual hourly
maximum and annual 4th highest 8–hourly averaged
concentrations,are shown inFigures6and7.Exceedancesbased
metricsforhumanhealth(CEC,2008)arereportedinTable2.

Figures6 and 7 show annual second highest hourly average
and 4th highest 8–hourly average ozone concentrations at four
monitoringsitesfrom1994to2009.Bothfiguresshowsimilaryear
to year variation with a general tendency of a negative trend.
Exceptionallyhighconcentrationswereobserved intheyear2006
forallsites.Thesehighconcentrationsofozoneareattributed to
theperiodofwarmsunnystagnantweatherconditionsduetothe
development of an anti–cyclonic high pressure zone during the
secondhalfof July that iswell documented, for example, in the
European Environmental Agency Technical Report (EEA, 2007b).
Stagnant weather conditions do not allow the precursors to
disperse in the atmosphere as fast, leading to the chemical
formation of ozone.All sites show a very steep peak for annual
second highest hourly and 4th highest 8–hourly average for
2006,thattookplaceduringtheseexceptionalweatherconditions.
Highinter–annualvariationsinboththesemetricsattributedtothe
abovementionedprominentweatherconditionsareobserved for
allfoursites.Inadditiontostronginter–annualvariation,theCork–
GlashaboyandLoughNavarsiteshaveshownadecreasingtrendin
both2ndhighesthourlyand4thhighest8–hourlyconcentrations.A
three–year running mean for 4th highest 8–hourly ozone
concentration for all four sites are shown in Figure8. Linear
regressionlinesandequationsarealsoshowninthefigure.Besides
the strong effect of the exceptional peak of 2006, a statistically
significant negative trend for all sites except Mace Head is
observed.Ahighestnegativetrendof–1.03±0.03ppbperyearwas
observed for Cork–Glashaboy.Monaghan and LoughNavar have
shown negative trends of –0.61±0.38ppb per year and 
–0.54±0.26ppb per year respectively. The trend value forMace
Head site is found tobe statistically insignificant (–0.09±0.27ppb
peryear).

Table2.Exceedancesof8hourrunningaveragevaluesandtrendsfordifferentozoneconcentrationranges(>60;50–60;40–50and>40ppb)
forthe8ozonemonitoringsites,overtheyearsfrom1994to2009.Trendvaluesshowninthelastcolumnhaveaunitofdays/year

Station
Range
(ppb)

94

95

96

97 98 99 00 01 02 03 04 05 06

07

08

09
Trend
(days/year)
CorkͲGlashaboy >60  15 3 3 1 2 3 6 6    
 50Ͳ60  9 12 5 12 17 22 3 9 3 1 2 4 4 1 Ͳ0.8±0.3
 40Ͳ50  60 55 54 71 91 82 41 51 56 46 55 78 45 38 35 Ͳ1.6±0.9
 >40  84 69 63 83 110 103 48 51 71 49 56 86 49 42 36 Ͳ2.8± 1.2
DublinͲPottery >60  6  2 1 1    
 50Ͳ60 5 15 9 8 5 2 5 4    
 40Ͳ50 58 19 19 49 71 12 48 27    
 >40 63 41 28 59 78 15 52 31    
DublinͲRathmines >60     1    
 50Ͳ60     1 8 2 4 2  1 
 40Ͳ50     23 47 9 10 19 22 42 56 
 >40     24 55 12 10 25 24 42 57 
MaceHead >60 2 15 3 4 5 2 9 1 5 5 4 3  
 50Ͳ60 27 28 25 17 22 62 20 35 31 26 39 26 36 28 50 43 +1.0± 0.6
 40Ͳ50 149 153 177 134 218 175 208 148 179 180 182 180 191 181 168 164 +1.0± 1.2
 >40 178 196 205 156 245 239 228 192 211 212 221 207 231 212 221 207 +1.7±1.2
Valentia >60     7 15 4 2 8 3 8 3 
 50Ͳ60     36 10 63 29 16 16 7 52 37 
 40Ͳ50     121 178 198 135 125 167 125 112 127 
 >40     165 188 276 168 144 191 135 172 167 
Monaghan >60  21 3 5 4 3 4 2 1 7 2 5  
 50Ͳ60  9 11 6 2 9 13 16 10 20 2 4 6 11 11 4 Ͳ0.1±0.3
 40Ͳ50  104 72 38 51 82 114 74 119 87 47 24 79 61 71 56 Ͳ1.5±1.6
 >40  135 87 49 53 95 129 94 129 109 49 29 92 74 87 60 Ͳ2.1± 1.9
Wexford >60     3 3 3 9 1 2   
 50Ͳ60     1 15 13 10 32 27 2 5 17 18 4 
 40Ͳ50     23 95 126 96 157 125 36 23 56 76 92 53 
 >40     24 112 143 109 189 160 38 23 62 95 110 57 
LoughNavar >60 1 8 8 2 2 3 2 1 5  3  
 50Ͳ60 7 14 14 4 3 7 6 7 1 8 4 2 1 2 5 1 Ͳ0.6±0.2
 40Ͳ50 70 41 41 32 23 65 47 38 46 53 57 81 35 21 50 14 Ͳ0.8±0.9
 >40 78 63 63 39 27 72 55 48 47 63 61 85 42 24 58 15 Ͳ1.5±1.0


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
Figure6.Secondhighestannualhourlyaveragedozoneconcentrationfromhourlydataforfourmonitoring
sitesarecalculatedandshownhere.

Figure7.Fourthhighestannual8–hourlyaverageconcentrationfrom8–hourlyrunningmeanforfour
monitoringsitesarecalculatedandshowninthisfigure.

Thetargetvalueofozoneconcentrationfortheprotectionof
humanhealthissetat60ppb(CEC,2008)andthenumberofdays
are calculatedwhen themaximumdaily 8–hour running average
exceeds this value. To understand the trend inmid–level ozone
concentration,calculationsarealsoperformed for thenumberof
days when the 8–hour average concentration remained in the
ranges50–60ppband40–50ppb. Linear regression isperformed
on the number of exceedance days in a year when the mean
concentrationwasbetweentheselimitsandalsoonthenumberof
daysformorethan40ppbandtheresultsforfourstationshaving
thelongerdatarecordsareshowninTable2.

Meanconcentrationsexceeded the targetvalueof60ppbat
almost all stations during some years, but never exceeded the
target exceedances set by CEC (2008) that is more than
25exceedances per calendar year averaged over three years.
Dublin–Rathminesexceededthe60ppblimitonlyonceintheyear
2006duringtheentire8yearsofobservations.Maximum

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
Figure8.Three–yearrunningmeansarecalculatedfromannual4thhighest8–hourlyaverageozoneconcentrationdata
forfourmonitoringsites.Linearregressionisperformedon3–yearrunningaveragesforatrendestimate.
Trendvaluesintheformofslopeofalineartrendareshownbytheequations.

exceedances(21)wererecordedattheMonaghansiteintheyear
1995. Trend values shown in the last column have the unit of
days/yearand indicatethenumberofdaysperyear inthatmean
ozoneconcentrationsarechanging.Thereseemstobeanegative
trend for inland sites (Cork–Glashaboy, Monaghan, and Lough
Navar)andapositive trend for thecoastalsiteofMaceHead for
upper percentile ozone levels (more than 40ppb). But the
distributionof trends isdifferent for theupper–higherpercentile
(50–60ppb) than for the lower percentile (40–50ppb).
Concentration exceedances for the upper higher–percentile
(between 50–60ppb) have a statistically significant decreasing
trendforinlandsites(Cork–Glashaboy,–0.8±0.3andLoughNavar,
–0.6±0.2)since1994 (or1995).ForthecoastalsiteofMaceHead
the statistically significantpositive trend is1.0±0.6daysperyear.
Forthelowermid–percentile(40and50ppb)asignificantnegative
trend is observed only for the site of Cork–Glashaboy
(–1.6±0.09days/year). As noted earlier, this site lacks sufficient
observationsduringsomeyearsandsotheresultmaynotbevery
reliable.No significant trend for the40–50ppbband isobserved
eitherforMaceHeadorforotherthetwosites.

However, the negative trend of overall exceedances above
40ppb for all three inland sites (–2.8±1.2day/year for
Cork–Glashaboy, –2.1±1.9days/year for Monaghan and
–1.5±1.0days/yearforLoughNavar)arestatisticallysignificant.For
thecoastalsiteofMaceHead,thetrendpatternsofexceedances
arepositiveandjustoppositetothatofthethreeinlandsites.The
trendvalues(+1.0±0.06days/year)of50–60ppbexceedancesand
(+1.0±1.2days/year)40–50ppbexceedancesarealmostthesame,
but the exceedances trend between 40 and 50ppb is not
statistically significant. Overall, exceedances above 40ppb
(1.7±1.2days/year) are positive and statistically significant. This
means thathigherorderozone concentrations (above50ppb) in
Atlanticair–masseshave increasedmorerapidlythan lowerorder
concentrations (below 50ppb).Moreover, at the same time the
negative trends for inland sites – likely associated with control
measures–arealsonegativeforupperdistributions(above50ppb).

5.MainFindings

Average ozone levels in Ireland are found to vary between
25to40ppbthatisalmosthalfoftheaverageconcentrationlevels
in central Europe. However, the CEC criteria for protection of
human heath, vegetation and forest are the same throughout
EuropeandapplyequallytoIreland.Wefinddifferentpatternsof
changes in diurnal cycles over about a decade time period. The
sites thataremost influencedby localozoneproductionand loss
andthatareisolatedfromtherestofthetroposphereduringnight
time e.g. low altitude inland sites, have shown a significant
decrease in day time peak ozone concentration over a 11–year
period.Inaddition,theCork–Glashaboysite(Figure2c)hasshown
a similar reduction during night–time as well. In contrast,
moderate increases over the 11–year period in ozone
concentration, over the whole day, was found to occur at the
coastal site atMace Head and at themoderately high altitude
Monaghan site (Figure2d and 2b). However, these positive
changesarenotaspronouncedas thenegativechanges in inland
isolatedsites.Athree–yearrunningaverageofAOT40forfoursites
showed different trends depending on site location. Sites like
Cork–GlashaboyandLoughNavarshowanegativetrendforAOT40
(forboth vegetationand forest)while the trends forMaceHead
andMonaghanarenotstatisticallysignificant.

TheUS EPA criteria for human health based on 2nd highest
annualhourlyozoneconcentrationand4thhighestannual8–hourly
ozone concentration have shown decreasing trends at all sites
exceptat thecoastal siteofMaceHead (Figures6,7and8).The
CEC(2008)criteriawithrespecttotheprotectionofhumanhealth,
based on maximum daily 8–hour running mean exceedances
showed similar results. Exceedances above 60ppb remain well
withinthesetcriticallimitof25exceedancesperyear.Thenumber
ofpeakozoneepisodeswith concentration above50ppb in free
Atlanticmarine air–masses observed atMaceHead seems tobe
increasing. Marine air–masses, when transported to mainland
stations can contribute positively to observed values at those
stations. This may well lead to a reduction in the number of
exceedancesof8–hour runningaveragevalues (above50ppb) in
siteslikeLoughNavarandCork–Glashaboy.

6.Conclusions

Thiswork containsnew informationonozone concentration
levels, such as exceedances, target values and trends for
protectionofhumanhealth;andAOT40levelsandtrendsrelevant
to environmental protection in Ireland. The work investigated
whetherIrishsitesmeetthetargetssetbyCEC(2008)criteria,and
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also assessed the possible impact of changes in precursor
emissionsonozone levels.Accumulatedozoneabovea threshold
level of 40ppb for almost all sites was found to be within the
targetandlong–termobjectivelevelssetbyCEC(2008)legislation.
Overall,withtheexceptionoftheMaceHeadsite,Irishsiteseither
show a downward negative trend in ozone metrics that affect
human health and vegetation or show no significant trend. This
probably isduetoadecline inozoneprecursoremissionsat local
level.A recent study conductedby Lefohnetal. (2010) formany
monitoringsitesinUS,foundacontinuousnegativetrendingofthe
USEPAexposureindicesforsomesitesandashiftfromanegative
tono trend status forother sites.Theyalso found thatvery few
sites exhibited statistically significant increases in the US EPA
exposure indices. The influence of changing (increasing or
decreasing)precursoremissionsonregionalozoneconcentrations
is also reported in several other studies (Chan and Vet, 2010;
Tanimotoetal.,2009;Wangetal.,2009).Allofthesestudieshave
indicateda significant influenceofprecursor levels (either locally
producedor transported)onozone concentration. Inamodeling
study by Szopa et al. (2006), future extreme ozone exposure
episodes inEuropeare foundtobesignificantlydecreased.These
resultsmaybequalitativelycomparabletoourfindingsforIreland
and an indication of the positive impact of emission control
measuresundertakenbysomecountries.However,thebenefitsof
European emission controls seem to be counterbalanced by
increasing global ozone levels associated with global climate
changeand long range transport (Jaffeetal.,2003;Parrishetal.,
2004;Forsteretal.,2007).
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